Several zinc finger proteins have been discovered recently that bind specifically to double-stranded RNA. These include the mammalian JAZ and wig proteins, and the seven-zinc finger protein ZFa from Xenopus laevis. We have determined the solution structure of a 127 residue fragment of ZFa, which consists of two zinc finger domains connected by a linker that remains unstructured in the free protein in solution. The first zinc finger consists of a three-stranded b-sheet and three helices, while the second finger contains only a two-stranded sheet and two helices. The common structures of the core regions of the two fingers are superimposable. Each finger has a highly electropositive surface that maps to a helix-kink-helix motif. There is no evidence for interactions between the two fingers, consistent with the length (24 residues) and unstructured nature of the intervening linker. Comparison with a number of other proteins shows similarities in the topology and arrangement of secondary structure elements with canonical DNA-binding zinc fingers, with protein interaction motifs such as FOG zinc fingers, and with other DNA-binding and RNA-binding proteins that do not contain zinc. However, in none of these cases does the alignment of these structures with the ZFa zinc fingers produce a consistent picture of a plausible RNA-binding interface. We conclude that the ZFa zinc fingers represent a new motif for the binding of double-stranded RNA.
Introduction
In recent years double-stranded RNA (dsRNA) has attracted great interest due to its role in defense against viruses, processing of cellular RNA and post-transcriptional gene regulation known also as RNA interference and gene silencing. [1] [2] [3] [4] Unlike the B and Z forms typical of double-stranded DNA (dsDNA), dsRNA is found commonly in the A form, characterized by a deep, narrow major groove and a broad, shallow minor groove. 5 The narrow major groove impedes contact between dsRNA-binding proteins and nucleobases so that sequence specificity such as that observed for DNA-binding proteins is difficult to implement. Indeed, no report of sequence-specific recognition of dsRNA has been published. 6 Recognition of dsRNA will most likely prove to be mainly shape-dependent, with structural irregularities such as bulges, loops, and mismatches being of major importance. [6] [7] [8] The wide variety of functions being described for dsRNA would seem to implicate a variety of structures for interacting proteins, 9 but only a few dsRNA-binding motifs have been characterized, primarily the dsRNA-binding motif (dsRBM), a well-characterized domain consisting of about 70 amino acid residues with an abbba fold. known to interact with dsDNA and singlestranded RNA (ssRNA). Here, we describe the structure of the first two zinc fingers of the zinc finger domain of the Xenopus laevis dsRNAbinding protein (dsRBP-ZFa), 12 a protein that typifies a new class of zinc fingers that show high affinity for dsRNA, while binding much more weakly to dsDNA or single-stranded nucleic acids (RNA or DNA).
dsRBP-ZFa consists of an acidic C terminus and a basic N-terminal domain containing seven zinc finger motifs of the C 2 H 2 type. In gel mobility-shift assays, dsRBP-ZFa showed binding to dsRNA and RNA/DNA hybrids. Nanomolar affinity of the 456 residue zinc finger domain was observed to a dsRNA epitope calculated to be, at most, 25 bp in length. 12 A construct consisting of the three N-terminal zinc fingers also binds dsRNA, but with an estimated binding epitope of only 12 bp. 13 The amino acid sequence of dsRBP-ZFa is atypical, in that the individual zinc finger domains are connected by very long linkers (34-44 amino acid residues). The majority of dsDNA-binding zinc finger proteins have linkers of six to eight amino acid residues. In addition, the TGEKP-motif that is highly conserved in other C 2 H 2 zinc fingers and that stabilizes the domains in the bioactive conformation upon binding to DNA, 14 is absent from the linker sequences of dsRBP-ZFa. Another difference with respect to the classical C 2 H 2 zinc fingers is the increased spacing between the zinc-coordinating histidine residues (five instead of the usual three or four residues).
While dsRBP-ZFa is mainly interesting as the prototypical member of a new class of zinc finger proteins displaying unique specificity towards dsRNA, its function in X. laevis remains unclear. 12 Homologs of dsRBP-ZFa, designated wig-1 15 and PAG608, 16 found in humans and rodents, are target genes of the tumor suppressor p53 and, together with the mammalian homolog JAZ, are involved in the apoptotic response. [15] [16] [17] All of these proteins bind specifically to dsRNA with their zinc finger domains, and essentially require this capability in order to function within the apoptotic network. A sequence alignment of the zinc finger domains of ZFa, JAZ and wig proteins is shown in Figure 1 . The sequence similarity between these three classes of proteins is greatest in the first two and the fourth zinc finger domains. The domain of wig1 that corresponds to the third zinc finger of ZFa and JAZ appears to lack the zinc ligands, although some of the hydrophobic residues in this region appear to retain homology with the sequences of ZFa and JAZ. Interestingly, only ZFa contains the fifth, sixth and seventh zinc fingers; these appear to have arisen through multiple duplication of the fourth zinc finger. 12 If this is so, then it is possible that ZFa represents the equivalent in the frog of the mammalian JAZ protein.
No three-dimensional structure of the dsRNA binding zinc finger proteins has been reported. We present here the solution structure of the first two zinc fingers of dsRBP-ZFa. The two domains each show a zinc-dependent ab fold, somewhat similar to each other and to canonical zinc finger structures. Comparison of the ZFa zinc finger structures with published structures of primarily DNA-binding zinc fingers reveals intriguing differences in sequence and structure that may account for the major differences in binding specificity between these protein types.
Results

Design and preparation of ZFa zinc finger constructs
Inspection of the sequence alignment ( Figure 1 ) reveals excellent homology between ZFa, JAZ and wig proteins in the first two zinc finger domains, though not in the linkers between the fingers. In order to provide insight into the mechanism of dsRNA recognition by this new class of zinc finger proteins, we prepared three constructs corresponding to residues 1-74, 1-128 and 1-205 of dsRNAbp ZFa. Expression of constructs 1-128 and 1-205 with the wild-type sequence resulted in each case in the production of two well-defined species in a ratio of about 1:1, a full-length product and a smaller product. Analysis by matrix-assisted laser desorption/ ionization mass spectrometry for the 1-128 construct showed that the mass of the full-length product was consistent with residues 2-128. The mass of the truncated product was not consistent with any likely proteolytic cleavage of the longer constructs, but was consistent with residues 2-79 plus a valine residue. Inspection of the DNA sequence revealed that this product was possible if an extra base was inserted into a stretch of seven adenine residues within the DNA sequence of the construct. Two silent mutations, at codons 77 and 78 (GCA AAA/GCG AAG) in the ZFa DNA sequence were designed to interrupt the long sequence of adenine residues. Expression of the mutant construct resulted in elimination of the byproduct and the production of 100% of the full-length product.
Since the 15 N-heteronuclear single quantum coherence (HSQC) spectra of the three ZFa constructs (data not shown) were superimposable over the common residues, indicating no interaction between the zinc fingers, and the minimal highaffinity dsRNA-binding site of the homologous protein JAZ has been mapped to two sequential fingers, 17 ZFa 1-128 (with the expressed protein containing residues 2-128) was chosen for structure determination in solution by NMR. Analysis of the amino acid sequence of this portion of the protein already suggests two C 2 H 2 zinc coordination sites, and indeed, folded dsRBP-ZFa2-128 was obtained only in the presence of zinc. A comparison of the matrix-assisted laser desorption/ionization and electrospray ionization mass spectrometry of the pure folded protein gave a mass difference of 128 kDa, showing the presence of two zinc ions. The circular dichroism spectrum of ZFa (Figure 2 ) is typical for a folded protein containing helix (minima at 208 nm and 222 nm). Addition of EDTA to the solution results in loss of these signals, an indication that the zinc ions are required for folding of the protein.
Resonance assignment
Nearly complete resonance assignments for dsRBP-ZFa2-128 (97% backbone, 82% side-chain) were obtained by analysis of multidimensional heteronuclear NMR spectra (see Experimental Procedures). The 15 N HSQC spectrum of dsRBPZFa2-128 is shown in Figure 3 . Due to the high content of arginine and lysine residues, some sidechain resonances, especially those located in the linker between the zinc fingers (residues 69-92) could not be assigned uniquely. Significant crowding of amide resonances is observed, due to the presence of a-helix and the lengthy unstructured regions at the N terminus (11 residues) and in the linker region (24 residues). In addition, the scarcity of aromatic residues, including the complete absence of tryptophan, results in limited dispersion of the side-chain resonances. For example, 29/58 Figure 1 . Amino acid sequence alignment of the ZFa protein from Xenopus laevis with the JAZ and wig proteins from a number of species. The sequences are arranged to emphasize the homology and identity between fingers. Ligand cysteine and histidine residues are outlined in yellow and blue, respectively, conserved hydrophobic, aromatic, positive, negative, hydrophilic and small residues are outlined in green, blue-green, light blue, red, pink and light yellow, respectively. Numbers correspond to the ZFa sequence. The JAZ and wig proteins have extensions at the N terminus that are not shown. 
Structure determination
NOE distance constraints were derived from 15 N and 13 C-separated nuclear Overhauser effect spectroscopy (NOESY)-HSQC spectra using the CAN-DID module of the CYANA software package. 18, 19 In addition, torsion angles calculated from 3 Jcoupling constants were used as input for structure calculations. Backbone f torsion angle restraints were derived from a 3D HNHA spectrum. 20 In regions with confirmed regular secondary structure (from the pattern of medium-range NOEs, 3 J HNHA coupling constants and secondary chemical shifts of C a , H a and CO), the j torsion angles predicted by TALOS were used as additional constraints. 21 Stereospecific assignments were made using coupling constants derived from HNHA and HACAHB-correlated spectroscopy (COSY) spectra and the local NOE pattern. For isoleucine, threonine and valine 3 J CgN and 3 J CgCO coupling constants, measured by spin-echo difference 13 C-CT-HSQC spectra, 22, 23 were used to obtain stereospecific assignments of methyl groups and c 1 torsion angles.
Initial CANDID/CYANA calculations were carried out with NOESY peaklists and TALOS predictions as the only input. Criteria published for assessing the quality of CANDID calculations were fulfilled for both zinc-binding domains. 18, 19 Once the global fold had been established, the full sets of NOE and dihedral angle restraints were applied to the CYANA/CANDID calculations and later to refinement with AMBER †. Throughout the calculations, the first zinc finger was better defined than the second, probably due to overlap of the resonances of finger II, together with lower-quality NOE data for the second domain caused by shorter correlation time and/or exchange phenomena. The final set of restraints was used for refinement with AMBER 8. 24 Final refinement was carried out with a generalized Born solvation model. 25, 26 The statistics of the final structure calculation is summarized in Table 1 .
Description of the 3D structure
The first two zinc finger domains of dsRBP-ZFa are structurally well defined from residue L13 to I68 (finger I) and from R93 to E127 (finger II). The N terminus from A2 to D12 and the linker between the two zinc-binding domains, from N69 to D92, are disordered. This is demonstrated by heteronuclear 1 H-15 N NOE measurements ( Figure 4 ). The two zinc finger domains tumble completely independently, and there is no interdomain or domainlinker NOE contact.
Families of structures for the two zinc finger domains are shown in Figure 5 (a) and a single structure of each showing elements of secondary structure in Figure 5 (b). The first zinc finger adopts an abbbaa fold. The N-terminal a-helix (residues K17-E26, helix a1) is connected through a type I turn to a three-stranded antiparallel b sheet (residues F31-V42) that leads into a helix-kink-helix motif (residues E46-Q54, helix a2 and R56-M66, helix a3). The first strand and the second strand of the b-sheet are connected by a type IV turn. A type I turn leads from the second strand to the third strand. The zinc ligands consist of C36 in the second strand, C39 in the turn, H52 at the end of helix a2 and H58 at the start of helix a3. Helix a1 packs against helix a2 with the helix axes perpendicular to each other. A portion of the N-terminal sequence, residues 13-16, while not part of helix a1, is relatively well defined, and makes NOE contacts with residues of helices a2.
The second zinc-binding domain of dsRBP-ZFa contains a subset of the secondary structure elements of finger I, with a two-stranded antiparallel b sheet (residues 95-104, analogous to strands 2 and 3 of finger 1), connected by a type 1 turn. The connection of the b-sheet to the helix-kink-helix motif (residues 105-115, helix a4; and 117-127, helix a5) occurs through a loop with a structure very similar to that of finger 1. Indeed, the backbone atoms of finger II superimpose on the corresponding part of finger I almost perfectly (backbone rmsd 0.969 Å between the two lowest-energy structures). The high degree of similarity between the bbaa core of the first and second zinc finger domain of dsRBP-ZFa reflects hydrophobic packing of conserved residues in analogous positions in the two fingers. The hydrophobic core in the first zinc finger is formed by V38, L43, Y53 and V62. The side-chain of V38 is packed against K61, V62 and Y65 of helix a3, while L43 makes contact with Q48, K49, H52 and Y53 of helix a2. The analogous core in the second finger comprises V99, F104, Y114 and L123, with contacts between V99 and N122, L123 and (the aliphatic portion of) R126 (of helix a5), and between F104 and V109, A110, H113 and Y114 (of helix a4). In finger I, the side-chain of Y53 packs against both coordinating histidine residues, H52 and H58; the analogous residues in finger II are Y114, H113 and H119, respectively.
The b-sheets in both fingers are composed only of short strands with characteristic b dihedral angles, but are well defined according to a network of cross-strand NOEs, 3 J HNHa coupling constants and secondary chemical shifts. S40 and N101 perform analogous roles in the type I turn structure between the two b-strands. For each of these residues, the backbone populates a narrow region of the Ramachandran plot characterized by positive f and j values around C608 and C308, respectively, corresponding to the a L minimum. This backbone conformation is supported by a very strong HN-H a NOE, a large HN-H a coupling constant and a negative secondary chemical shift of the b carbon atom, which are characteristic of positive backbone f angles. 27, 28 The backbone of the residue following a zinc-bound C-X-X-C motif frequently takes on an a L configuration. 29 The sequence alignment ( Figure 1 ) suggests two C 2 H 2 centers for zinc coordination, C36, C39, H52 and H58 in finger 1 and C97, C100, H113 and H119 in finger 2. However, this information was not used in initial structure calculations, in order to avoid bias associated with forcing a certain coordination scheme. From structure calculations based on NOEs and coupling constants alone, it became obvious that the side-chains of the putative coordinating residues are positioned suitably to allow zinc coordination. These calculations support zinc coordination via N d of H58 and H119, and via N 3 of H52 and H113. The 3,d coordination was established unambiguously by acquisition of a 2D 15 N, 1 H-HMQC spectrum optimized for detecting two-bond and three-bond couplings between ring nitrogen atoms and non-exchangeable ring protons of histidine residues. 30 The only possible ambiguity in the zinc coordination is the presence of an extra cysteine residue at position 96, which is next to the finger 2 zinc ligand C97. C96 is not well conserved (Figure 1) , and invariably we observe the side-chain of C96 pointing into solution away from the zinc, and populating all three c 1 rotamers in the structure calculations. We conclude that C96 is not involved in zinc coordination.
Comparison with other structures
The 3D structure searches were carried out with the DALI, SSM-SCOP, TOPS and VAST search engines. [31] [32] [33] [34] Many zinc finger proteins were classified as similar to the structured domains of ZFa, because they contain the same bba substructure. A particularly close resemblance was found between finger II and the zinc fingers of the friendof-GATA (FOG) family and with canonical C 2 H 2 zinc fingers such as those from TFIIIA and SWI5. There are familial resemblances to the structure of the human spliceosomal protein U1C. However, no zinc finger fold was found that contains all of the distinctive features of the first zinc-binding domain of ZFa; namely, the N-terminal a-helix, the third strand of the b-sheet and the C-terminal kink-helix motif.
Discussion
Insights into the function from the 3D structure Although it is clear that the dsRBP-ZFa protein binds to dsRNA and to RNA-DNA hybrids, 12 ,13 a specific function has not been identified for this protein. We have used the 3D structures described here to gain insight into possible RNA-binding sites for ZFa. The electrostatic potential of the dsRBP-ZFa zinc fingers is mapped onto the surface in Figure 6 . A large positively charged face is formed by the helix-kink-helix motif in each of the fingers. The conserved basic residues at position C4 to the first histidine residue, R56 and K117, are solventexposed and can be expected to be involved in dsRNA recognition. The same holds true for R63/ R124 at position C5 to the second histidine residue. Some degree of conservation is found at positions C2 and C3 relative to this histidine residue, although in the first fingers of dsRBP-ZFa one of these positions is occupied by an asparagine residue (N 61 K 62 in finger I, K 121 N 122 in finger II). Both lysine and asparagine are capable of forming hydrogen bonds to dsRNA. Thus, the structure suggests that the site of RNA binding is likely to be at the intersection between the two helices. The core secondary structure elements of the zinc finger domains of dsRBP-ZFa2-128 show some similarity with well-characterized dsDNA-binding canonical zinc finger folds. For example, finger II of ZFa shows a resemblance to the first three zinc fingers of TFIIIA 35 ( Figure 7(a) ), while finger I can be superimposed onto the backbone of the yeast zinc finger protein SWI5 (Figure 7(b) ). 36 Fitting of residues K95-C97 and C100-G116 of dsRBP-ZFa finger II onto Y13-C15 and C20-K36 of TFIIIA results in a backbone rmsd of 1.0 Å . The second b-strand, the turn into the a-helix and the first a-helix itself display a very good superposition, whereas the first b-strand and especially the turn between the strands show marked differences, as might be expected from the reduced spacing between the cysteine ligands of dsRBP-ZFa. The packing of side-chains in the protein cores is somewhat similar, in that the first three coordinating residues adopt similar positions and there is similar hydrophobic packing. Apart from these similarities, there are clear structural differences in terms of the coordination scheme, i.e. d instead of 3 coordination of the second histidine ligand of dsRBP-ZFa, and the presence of additional helical structure beyond this histidine ligand in the dsRNA-binding zinc fingers.
The similarity between ZFa finger I and the SWI5 zinc finger is limited to the overall topology and secondary structure content. If the zinc ligands are superimposed, some similarity can be seen between the second and third strand of the b-sheet and the second helix. In addition, the N-terminal helix of SWI5 is close to that of dsRBP-ZFa and points in roughly the same direction. Differences in the spacing between the zinc ligands gives rise to significant differences in backbone structure and turn geometry, and the b-sheet is more extensive in SWI5.
The TFIIIA zinc fingers 1-3 recognize dsDNA with a set of base-specific contacts in the major groove, supported by basic residues positioned to form salt-bridges with the phosphate backbone. 35 The TFIIIA zinc fingers interact with DNA through the turn leading into the a-helix and the helix itself, which occupy the major groove of the dsDNA. Although the bba core of ZFa finger II could potentially fit into a dsDNA major groove, the side-chains that typically mediate zinc finger -DNA interactions in TFIIIA and other DNA-binding zinc finger proteins are missing from ZFa. Further, the positioning of the N-terminal helix (a 1 ) of finger 1 of ZFa would be expected to preclude binding of the fingertip and a 2 helix in the major groove of DNA. The weak affinity of ZFa for dsDNA may reflect the sequence differences that replace the characteristic DNA-binding side-chains, or may arise because 38 (e) finger I of ZFa with the C-terminal domain of RecA (2reb). 40 In each case, the ZFa finger structures are colored according to the scheme in Figure 5 , and the superimposed structures are colored magenta.
ZFa binds to DNA with a completely different binding mode from that of the canonical zinc finger.
Do the ZFa fingers participate in protein-protein interactions?
Superposition of the bba core of finger II of ZFa with the first zinc finger of the FOG family protein U-shaped (USH) 37 ( Figure 7 (c)) shows an extremely high level of structural similarity between the two proteins (rmsd of 0.72 Å ). The FOG fingers are not known as nucleic acid-binding proteins but interact with another type of zinc finger protein, GATA, via a hydrophobic face formed by residues in the second strand and in the helix. There is considerable similarity with the ZFa fingers in terms of hydrophobicity of this surface. It is thus possible that this face of the ZFa zinc finger structure is involved in interactions with other proteins, whereas nucleic acid interactions occur at the C-terminal kink-helix motif.
Similarity to the human spliceosomal protein U1C
The NMR structure of the spliceosomal zinc finger protein U1C 38 has a bba zinc finger core that is C-terminally extended by a kink-helix motif and another short helix following an irregular turn. The bba core shows great similarity to finger I of dsRBP-ZFa (Figure 7(d) ), but the overall topology of the U1C finger is significantly different from that of the ZFa fingers. U1C does not contain the threestranded b-sheet, and the C-terminal helix of U1C is parallel with the N-terminal helix of the first finger of dsRBP-ZFa, but shifted by about 5.5 Å perpendicular to the helix axis. The zinc coordination by the histidine residues of ZFa is in the less frequently observed 3,d fashion. This leads to significant differences in the direct neighborhood of the coordination site and causes a completely different geometry of the kink between the helices, and affects the direction that the last helix of dsRBP-ZFa finger 1 adopts with respect to the protein core. When superimposed on the bba core, the angle between the third helix of ZFa finger I and the second helix of U1C is about 308.
Specific binding to RNA has been confirmed for U1C only when incorporated into the U1 snRNP. 38 However, the positively charged surface formed by the helix-kink-helix motif will likely be involved in RNA binding. The corresponding region of the dsRBP-ZFa fingers, particularly the kink and the following helix, is rich in basic amino acid residues and likely to form contacts with the phosphate backbone of dsRNA.
Despite these similarities, the ZFa zinc fingers are quite distinct from U1C and other Matrin-type zinc fingers, which contain conserved aromatic residues protruding from the b-sheet. Their function is still unclear, although RNA recognition through stacking interactions or hydrophobic interactions with other proteins has been discussed. 38 The dsRBP-ZFa fingers do not possess these aromatic residues, and the solvent-accessible surface of the b-sheet displays mostly hydrophilic residues. It is therefore likely that the ZFa-type zinc fingers are functionally distinct from those of the Matrin-type family.
Structural similarity with non-zinc-containing, RNA-binding proteins A somewhat unexpected similarity was observed between the first zinc finger domain of dsRBP-ZFa and proteins that do not rely on zinc coordination in order to stabilize their tertiary structure. These include the C-terminal domain of the protein RecA from Escherichia coli, 39, 40 which is involved in homologous recombination and DNA repair, and the well-known Xenopus laevis dsRNA-binding domain xlRBPa, 2,10 which recognizes RNA duplexes in a non-sequence-specific manner. The overall topology of the xlRBPa domain does not resemble the ZFa fingers at first glance, but there are similarities in certain structural elements. The N-terminal and the middle helix of finger I of ZFa can be aligned with the N-terminal and the end of the C-terminal helix of the xlRBPa (Figure 7(e) ). This brings the three-stranded b-sheet of ZFa into the same plane as part of the much larger b-sheet of xlRBPa, although the strands do not line up but form an angle of about 458. xlRBPa distinguishes dsRNA from dsDNA by probing the size of the major groove by bridging two adjacent minor grooves. 10, 11 Such a mechanism would be impossible for ZFa as long as it adopts the structural alignment described above. First, the N-terminal a-helix is relatively poor in basic residues necessary to bind the phosphate backbone. Second, the b-sheet of ZFa would be too small to bridge the major groove and make contact with the next minor groove. We conclude that, despite the similarity between xlRBPa and the ZFa zinc fingers, the mechanism of RNA interaction with ZFa is most likely different from that of xlRBPa.
Finger I of dsRBP-ZFa shows an astonishing similarity to the C-terminal domain of the protein RecA from E. coli, which is involved in homologous recombination and DNA repair. This domain has all architectural elements of the abbbaa fold of ZFa, but it is not a zinc finger. 39, 40 The domains can be superimposed with a backbone rmsd of 2.9 Å . The first two helices show good alignment, and the intervening b-sheets are aligned on one plane. The alignment of the remainder of the structures is worse, and the last helix points in a different direction, at an angle of almost 908. Analogous to the non-sequence-specific recognition of dsRNA by dsRBP-ZFa, the C-terminal domain of RecA recognizes dsDNA non-sequence-specifically. The dsDNA-binding interface is located at the loop connecting the b-sheet and the middle helix, together with the first few residues of the helix itself and at the adjacent edge of the sheet. 39 However, the ZFa zinc finger structures show a much lower density of positively charged residues in this region, and it therefore seems unlikely that this part of the structure constitutes the RNArecognition surface, despite the topological similarity of the RecA structure.
Conclusions
The solution structure of the first two zinc finger domains of dsRBP-ZFa shows a number of features that suggest sites of RNA binding for this new zinc finger type. Although there are homologies with a number of other nucleic acid-binding protein domains, none of these homologous proteins gives a definitive picture that is applicable to the ZFa fingers. At the moment, on the basis of the electrostatic surfaces displayed in Figure 6 , we suggest that there is probably a dsRNA-binding site located in the loop or kink between the two C-terminal helices of finger I, and that the same region of finger II could also accommodate RNA. The role of the linker sequence is not clear from the present studies, although the presence of positively charged side-chains suggests that it may participate in RNA binding. Although RNA binding by the ZFa zinc fingers is said to be non-specific, 41 we observe that not all RNA sequences appear to bind to the ZFa2-128 construct. Work is proceeding to identify an RNA sequence with a sufficiently high binding affinity that 3D structures of the complex can be calculated.
Experimental Procedures Cloning
Fragments corresponding to residues 1-74, 1-128 and 1-205 of dsRNAbp ZFa were amplified by PCR from a Xenopus blastula cDNA library (kindly donated by Joel Gottesfeld) and cloned into the phage T7 expression vector pET21a (Novagen). Expression of soluble protein was observed for all constructs upon addition of zinc to the culture medium. In the case of ZFa 1-128 and 1-205, an 80 residue truncation product was expressed in addition to the full-length proteins. The appearance of this byproduct was eliminated through the introduction of silent mutations at codons 77 and 78.
Expression and purification
Expression of isotopically labeled dsRBP-ZFa2-128 was carried out at 37 8C in M9-minimal medium supplemented with 15 4 , and lysed by sonication. The protein was purified from the soluble fraction under native conditions at 4 8C by FPLC using a combination of cation-exchange and anionexchange columns followed by gel-filtration chromatography. The purity of the protein was checked by SDS-PAGE and matrix-assisted laser desorption/ionization mass spectrometry.
CD spectroscopy
Ultraviolet circular dichroism spectra were collected using an Aviv model 202 CD spectrometer at 25 8C, using a 0.2 cm cell. Typical protein concentration was 10 mM.
NMR sample preparation
The protein was transferred into NMR sample buffer (25 mM Tris (pH 6.9), 100 mM NaCl, 2 mM DTT) by ultracentrifugation using Millipore 15 mp Centriprep YM3 and 2 mp Centricon YM3 filter devices with a cutoff of 3000 Da. At the same time, the concentration was increased to ca 1 mM. For experiments in 2 H 2 O, the sample was repeatedly diluted in NMR sample buffer made with 2 H 2 O and re-concentrated.
NMR spectroscopy
NMR spectra were recorded on Bruker DRX600, DMX750 or Avance900 spectrometers at 298 K, processed using NMRPipe, 42 and analyzed using NMRView. 43 Backbone resonances were assigned from 3D HNCACB, 44 CBCA(CO)NH, 45 HBHA(CBCACO)NH, 46 and 15 Nresolved total correlated spectroscopy (TOCSY)-HSQC and NOESY-HSQC spectra. 47 (H)CCH-COSY and (H)CCH-TOCSY experiments 48, 49 were performed; nearly complete side-chain resonance assignments were obtained for dsRBP-ZFa2-128. The backbone amide protons of K57 and S105 were not observed. The b-protons of 18 amino acid residues were assigned stereospecifically using coupling constants derived from the 3D HNHA, 20 and HACAHB-COSY 50 experiments, and relative NOE intensities. Stereospecific assignment for valine g-methyl groups was accomplished by 13 15 The 1 H-15 N steady-state heteronuclear NOEs were measured at 14.1 T for backbone amide groups using water flip-back methods. 51 Zinc coordinating histidine residues were identified from 1 H-15 N-HMQC spectra, 30 which revealed that the coordination occurs through N 32 of H52 and H113 and through N d1 of H58 and H119.
Restraint generation, structure calculation and analysis
Inter-proton upper bound distance restraints were derived from crosspeak volumes in 3D 15 N-separated NOESY-HSQC at 600 MHz and 3D 13 C-separated NOESY-HSQC at 900 MHz. Initial distance restraints were obtained with the CANDID module 19 of the program CYANA. 18 Separate chemical shift lists were used for the two NOESY spectra to account for slight variations in sample conditions. Initial CANDID runs did not involve any manually added restraints or restraints that would support a specific coordination scheme for zinc. A list of ligand-ligand distances obtained from structures calculated in the absence of metal-ligand constraints, and an HMQC spectrum showing the histidine crosspeaks upon which we based our 3/d coordination assignments are included in the Supplementary Data. In later stages, restraints for zinc coordination and restraints supporting confirmed elements of secondary structure were provided in order to optimize the yield of automatically assigned NOE connectivities. CYANA calculations were performed using ten processors of a 128-processor Silicon Graphics computer in parallel.
Backbone f, j and side-chain c 1 torsion angle restraints were derived from 3 J coupling constants measured by 3D HNHA, 3D HACAHB-COSY, 13 20, 22, 23, 50 in combination with chemical shift data analyzed with the TALOS program, 21 and the pattern of medium-range NOE connectivities.
The final set of restraints was obtained by manually resolving ambiguities and adjusting upper distance bounds to account for spectral overlap and relaxation behavior. A total of 1142 unique NOE restraints and 216 dihedral angle restraints were used in the structure calculations ( Table 1 ). The refined set of restraints was used by CYANA 18 to yield an initial set of 400 structures. The 100 structures with lowest target function were imported into AMBER 8 using a PARM94 force field modified to reduce charges to 20% of their original values, 20 kcal/(mol Å 2 ) force constant on inter-proton distance restraints and 150 kcal/(mol rad 2 ) for torsion angle restraints. An additional set of 325 amino acid chirality restraints and 127 restraints restricting the peptide bond to the trans configuration for the majority of the residues was active during AMBER calculations. Zinc-sulfur and zinc-nitrogen bond lengths were set to 2.3 Å and 2.1 Å , respectively, and the coordination geometry was constrained to be tetrahedral.
After five cycles of simulated annealing and final energy minimization the 50 lowest-energy structures were transferred to a full-charge force field (PARM99) and subjected to another five cycles of simulated annealing using a generalized Born solvent model. 25 All AMBER calculations were performed on a 512 processor Linux cluster using one Intel XEON processor per structure.
A total of 20 structures with lowest combined distance and angle violations were sorted by restraint violation energy and selected for analysis. Backbone analysis was performed using PROCHECK 52 and PROMOTIF. 53 Graphics images were prepared with MOLMOL 54 and POV-Ray (qPOV-Teame 1991-2002).
Data Bank accession numbers
The coordinates and NMR restraint files have been deposited in the RCSB Protein Data Bank (1ZU1) and the chemical shift assignments in the BioMagResBank (6655).
